Abstract Diamond Valley Lake is a large drinking water reservoir in western Riverside County, California near the city of Hemet. In almost 6 years since filling began in 1999, this reservoir has experienced five episodes involving either geosmin or 2-methylisoborneol (MIB). The first one was a short-lived but intense geosmin event in May 2000, associated with a planktonic cyanobacterium, Anabaena circinalis. Geosmin levels reached 750 ng/L at the surface. All the other episodes involved benthic proliferations in the littoral zone. In September 2002, an MIB-producing growth developed in a shallow area near the outlet tower, dominated by Oscillatoria cf. curviceps and O. limosa. A similar event occurred in October 2003. In March 2004, an extensive growth of cyanobacteria that included two geosmin producers developed at the east dam, but had minimal effect on geosmin levels in the water. Finally, there was a major MIB episode in October 2004, in which the primary causative organism was again Oscillatoria cf. curviceps. A band of benthic cyanobacteria developed all around the shoreline from 3-9 m deep, and surface MIB levels reached 63 ng/L. These events showed that a new reservoir in a mild climate can be colonised by benthic cyanobacteria that produce MIB and geosmin, within a relatively short time.
Introduction
Diamond Valley Lake (DVL) is a large drinking water reservoir in western Riverside County, California near the city of Hemet. Built by the Metropolitan Water District of Southern California, it was completed in 1999 and filling began in November 1999. It is the largest impoundment in the region (984 million m 3 ), with a length of 7.2 km and width of over 3.2 km, a maximum depth of 79.3 m and an area of 1,822 hectares. The reservoir consists of a west basin and an east basin, with an earth-rock fill dam at either end ( Figure 1 ). It was built to provide 6 months of storage in the event that a major earthquake damaged the aqueduct system supplying water to the region. The sources of water are the Colorado River and water from northern California (State Project water, or SPW), supplied through the California Aqueduct. The former is phosphorus-limited (total P ¼ 11 mg/L), while the latter water is higher in both nitrogen and phosphorus (total P . 100 mg/L). The mixture of the two waters can support significant algal growth and lead to water quality problems such as taste and odour.
DVL has several natural features that favour improved water quality. It is deep with steep sides and has a watershed equal in size to the surface area of the lake. In addition, the watershed is entirely within a reserve, protecting it from development. Moreover, limnological principles were applied to the design of the reservoir to maximise operational flexibility and control nutrient input into the lake. A 90-m high inlet/outlet tower with nine tiers at 7.6-m intervals provides access to all layers of the lake regardless of lake elevation. Water pumped into the lake through the tower can be injected at any desired depth to control nutrient loading within the lake. Similarly, a second inlet structure was designed to bring high-nutrient SPW deep in the lake and mix it with cool water, thus keeping it below the photic zone and unavailable for algal growth.
This reservoir provided a rare opportunity to observe the biological changes in the early years of a new impoundment. The investigations discussed in this study covered the period from May 2000 until the end of 2004, and were part of a regular monitoring program.
Methods
Water and benthic algal samples were collected in 125-mL plastic bottles from various locations and depths that are part of a standard sampling protocol. Benthic algal samples were collected by scuba divers from areas where growth occurred. These samples were checked for odour and examined microscopically. Samples were also collected for MIB and geosmin analysis. From initial sampling in April 2000 through May 2002, water samples from DVL were analysed for odorous compounds using salted-out closed-loop stripping analysis (900-mL sample volume) with gas chromatography/mass spectrometry (GC/MS) in selective ion monitoring mode (APHA, AWWA and WEF, 1998) . Beginning in June 2002, samples were analysed using a headspace solid phase micro-extraction (SPME) technique, which permitted a much smaller sample size (10 mL) and solvent-free extraction (McCallum et al., 1998) . The samples were aliquoted into 20-mL crimp cap vials and salted out with 2.5 g of pre-baked NaCl. The SPME fibre (2-cm 50/30 mm DVB/Carboxen/PDMS. Supelco, Bellefonte, PA) was exposed to the headspace for 30 min during which the sample was heated to 65 8C and agitated using a CombiPal autosampler (Leap Technologies, Carrboro, NC). Following extraction, the fibre was desorbed for 4 min at 250 8C in the injector of a Varian CP3800GC/Saturn 2200 MS using chemical ionisation MS/MS. Chemical standards for geosmin and MIB were obtained from Supelco.
Odourous cyanobacteria were isolated from benthic samples by methods previously described (Izaguirre, 1992) . The agar used for isolation was prepared from filtered raw water amended with NaNO 3 100, K 2 HPO 4 40 and ferric ammonium citrate 3 mg/L, with purified agar 10 g/L and cycloheximide at 20 mg/L. Filaments were allowed to migrate across the agar, and individual filaments were picked from the agar and placed in 10 mL of BG-11 medium with NaNO 3 100 mg/L. Cultures that developed the odour of geosmin or MIB were analysed by SPME using dilutions of the cultures.
Results and discussion
In almost 6 years since filling began, this reservoir has experienced five taste-and-odour events involving either geosmin or 2-methylisoborneol (MIB). The first one was a shortlived but intense geosmin event in May 2000 associated with a planktonic cyanobacterium, Anabaena circinalis. Geosmin levels reached 750 ng/L in the surface water during that event (Figure 2 ). Blooms of Anabaena or other planktonic cyanobacteria are not uncommon in the first years of a new reservoir in the American Southwest. The water was not being supplied for drinking purposes at this time, so no action was taken.
All the other episodes involved benthic proliferations in the littoral zone, despite relatively steep sides. In late August 2002, an MIB-producing growth developed in a shallow area near the outlet tower, dominated by Oscillatoria cf. curviceps, a species long associated with MIB problems in other reservoirs in the region (Taylor et al., 2006) . This organism was accompanied by many Oscillatoria limosa, some strains of which are known to produce MIB (Izaguirre and Taylor, 1995) . MIB levels in this area reached 16 ng/L. This growth lasted until October. A strain of O. cf. curviceps was isolated and produced MIB in culture. This same organism was found in a nearby area in October 2003, again with O. limosa, and was accompanied by elevated MIB levels (up to 27 ng/L) in the overlying water. A subsequent sampling in December showed that the first Oscillatoria was still present and, in addition, Oscillatoria splendida (recently renamed Geitlerinema splendidum), a geosmin producer common in southern California reservoirs and widespread in North America (Komárek et al., 2003) . No further benthic sampling was carried out that year.
In March 2004, an extensive growth of cyanobacteria developed at the east dam but had minimal effect on geosmin levels; only 2-5 ng/L were detected in the east basin of the reservoir. This benthic community included Oscillatoria splendida and, in addition, a purplish-brown Phormidium species approximately 5-6 mm in diameter, attenuated at one end. Two strains of the Phormidium were isolated from this growth, and geosmin production by the cultures was confirmed (Table 1 ). These results suggest that both O. splendida and the Phormidium sp. may have contributed to geosmin production in this benthic community.
Finally, there was a major MIB episode in October 2004, in which the primary causative organism was Oscillatoria cf. curviceps, again accompanied by O. limosa and other species. A band of benthic cyanobacteria developed around the entire 42-km shoreline from approximately 3-9 m deep, and MIB levels reached 63 ng/L at the surface (Figure 3) . A sample taken 0.3 m above the growth in one site had MIB at 72 ng/L, and the water from two benthic samples had MIB at 170 and 150 mg/L, respectively. Copper sulphate was applied to the benthic algae at the east end of the reservoir to control the problem. Fortunately, operational changes led to the suspension of water withdrawals from DVL that coincided with cooler autumn weather, and no further copper treatments were carried out. MIB and geosmin returned to baseline levels by early December.
In early August 2005, the divers surveyed the bottom of DVL and found sparse benthic algal growth, but noticed a narrow band at 7.5 m (at the thermocline), most of which appeared dead but that included reddish-brown patches. This material was marked by a moderately strong MIB odor, and consisted primarily of Cylindrospermum and a brownish Phormidium sp. approximately 6-7 mm in diameter, slightly attenuated at one end. The latter organism was similar to one found growing on the dam in Lake Perris (another reservoir in Riverside County) in 1984, that is still in culture (as strain LP684), and is a strong MIB producer. This finding indicated that a potential MIB producer was developing before any problem was evident, and thus was an example of early warning with respect to such occurrences. The Phormidium was isolated and MIB production in three isolates was confirmed (Table 1) . It remains to be seen if this organism becomes a major source of MIB in DVL in the future. These events showed that a new reservoir in a mild arid climate can be colonised by benthic cyanobacteria that produce nuisance levels of MIB and geosmin, within a relatively short time span. Only thirty-four months elapsed between the start of reservoir filling and the first discovery of a benthic MIB producer in the shallows, despite the fact that the reservoir was designed to minimise shallow areas. The effects of these events were minimised by the lack of water withdrawals from DVL during most of the first 4 years of operation. Of the six odourous cyanobacteria found in DVL, five were previously known and four had a long history of MIB or geosmin production in other, much older reservoirs in the region, or in the case of A. circinalis, throughout the US. The Phormidium sp. from the east dam is very similar to a strain isolated from Lake Skinner in 1987 (LS587) that also produces geosmin, but the latter has never been implicated in a tasteand-odour event.
The role of O. limosa in these episodes is uncertain, in view of its co-occurrence with Oscillatoria cf. curviceps, and the known strain variability of MIB production in O. limosa (Taylor et al., 2006) . Three strains of the latter species isolated from DVL in February and March 2005 were non-odorous or only faintly so, but relatively low levels of MIB were detected in the cultures nonetheless (0.035-0.165 mg/L). This organism has been implicated in a number of MIB episodes in three different southern California reservoirs: Lake Mathews, Las Virgenes Reservoir and Lake Bard (the latter two are in Ventura County). The isolates from Lake Mathews and Lake Bard were highly odourous and produced high levels of MIB (.200 mg/L); the Oscillatoria was not isolated from Las Virgenes Reservoir. Strongly MIB-producing strains of O. limosa have also been isolated from Lake Skinner and Silverwood Lake (Taylor et al., 2006) . In view of the history of O. limosa with respect to MIB problems, it is reasonable to consider it a potential source of MIB in DVL also. Other investigators have reported geosmin from this species (Van Breemen et al., 1992; Durrer et al., 1999; Sabater et al., 2003) , but it is uncertain whether they all referred to the same organism. Various studies in the last twenty years have implicated other attached cyanobacteria as sources of MIB or geosmin in lakes, reservoirs or rivers, including Burlingame et al. (1986) , Sugiura et al. (1998) , Watson and Ridal (2004) and Baker et al. (2006) .
Conclusions
Diamond Valley Lake, a large new reservoir in southern California, has experienced five geosmin or MIB events since May 2000, one resulting from a planktonic bloom and the remainder involving benthic cyanobacteria in the shallows. These events showed that a new reservoir in a warm arid climate can be colonised by nuisance cyanobacteria that produce geosmin and MIB in a relatively short time. For the most part, the organisms implicated in these episodes were previously known odorous species.
